implicated in synaptic plasticity as well. For example, strates as they are degraded in the proteasome and to thereby increase the pool of free ubiquitin in the cell. calpain appears to play a role in long-term potentiation (LTP) and other forms of synaptic plasticity [22, 23] . A Finally, the immediate early gene C/EBP, which is required for the consolidation of LTF [33] , has been shown serine protease, tissue plasminogen activator (tPA), is induced during LTP and has been shown to have a to be a substrate for the UPS in its dephosphorylated (inactive) form [45] . Together, these findings have led to function in LTP and memory [24] [25] [26] . Unlike calpain and tPA, UPS is a multicomponent system and can therefore the hypothesis that the primary function of the UPS during synaptic plasticity is to remove inhibitory conbe regulated at a number of steps [3, 8] .
To elucidate the exact role of the UPS in long-lasting straints on synaptic strengthening. Immunological detection of proteins conjugated to forms of learning-related synaptic plasticity, we have examined the effects of proteasome inhibition on synapubiquitin in Aplysia CNS indicates that the number of UPS substrates is relatively large [17] . This, together tic strength and growth and on long-term facilitation (LTF) of Aplysia sensory-motor neurons. The connecwith the important and diverse roles ubiquitin-mediated proteolysis has been shown to play in the nervous systions formed between Aplysia sensory and motor neurons are central components of one of the animal's detem [8], has led us to revisit the role of the UPS in synaptic strength, growth, and plasticity of Aplysia senfensive reflexes, the gill withdrawal reflex, in which a tactile stimulus to the siphon produces a defensive withsory-motor synapses. Our studies indicate that inhibition of the proteasome produces a long-lasting (24 hr) drawal of the gill. This reflex undergoes many forms of behavioral modification, including sensitization, a nonincrease in synaptic strength between sensory and motor neurons and, in contrast to a previously published associative form of learning in which a tail shock produces an increase in the strength of the sensory-motor study [44] , that it dramatically enhances serotonininduced long-term facilitation. In addition to the increase neuron connection [27] . When Aplysia sensory-motor synapses are reconstituted in culture, they undergo in synaptic strength, proteasome inhibition produces an increase in the growth of synaptic contacts formed short-and long-lasting forms of plasticity characteristic of the intact animal [ spaced applications of 5-HT underwent long-term faciliThe studies of transcriptional and translational regulatation, with a significant increase in EPSP amplitude tion by 5-HT have also revealed a role for regulated (114% Ϯ 23% increase, n ϭ 17, p Ͻ 0.0001 versus protein degradation through the UPS during LTF. First, control, unpaired t test). When clasto-lactacystin ␤-lacthe regulatory subunit of PKA has been shown to be a tone (10 M) was applied immediately after the five substrate for ubiquitin-mediated degradation, and this pulses of 5-HT, we observed a significant enhancement has been hypothesized to result in persistent PKA activof long-term facilitation (353% Ϯ 59% increase in EPSP ity in the absence of cAMP elevations [17, 43, 44]. Secamplitude, n ϭ 11). Similar results were obtained when ond, one of the immediate early genes induced during clasto-lactacystin ␤-lactone was given prior to the five LTF is an ubiquitin C-terminal hydrolase [18] . This deubipulses of 5-HT (our unpublished data). To confirm these quitinating enzyme is associated with the proteasome and is thought to remove ubiquitin monomers from subresults, we used another specific and potent inhibitor of the proteasome, Z-leu-leu-leu-B(OH) 2 , and found that spike, or, when this was not possible, an EPSP amplitude value of 65 mV was used. it also produced a significant enhancement of serotonininduced long-term facilitation when applied after five pulses of serotonin. As shown in Figure 1B in future experiments.
Ubiquitin Proteasome Inhibitors Could Affect ing [44]. Although we do not yet understand this discrepancy, there are a number of potential explanations. The
Other Functions of Ubiquitination To investigate the role of the UPS in synaptic plasticity, first and most trivial is that we are using a different type of target motor neuron in our cultures (LFS as opposed we have used specific pharmacological inhibitors of the proteasome. While the clearest interpretation of our reto L7 motor neuron). We do not, however, believe this to be the explanation because we have assayed the sults is that protein degradation by the proteasome regulates synaptic strength, inhibiting the proteasome will effect of sensory-neuron microinjection of lactacystin (10 M) on 5-HT-induced long-term facilitation in culalso affect the concentration of free ubiquitin in the cell, and this in turn could affect non-proteasome functions tures containing L7 motor neurons, and the results are indistinguishable from those presented for the sensory of ubiquitin. Thus, for example, the increase in glutamate-evoked PSPs induced by proteasome inhibitors neuron-LFS cultures shown in Figure 2 , with no blockade of long-term facilitation occurring (n ϭ 5, our unpubcould be an indirect effect, due to the depletion of ubiquitin levels in cells, and the consequent increase in lished data). Furthermore, to our knowledge, no difference in the mechanisms of short-or long-term facilitaabundance of glutamate receptors at the cell surface [15]. Our finding of sensory neurite outgrowth and intion has ever been detected in studies using either type (LFS or L7) of target motor neurons. creases in the number of varicosities formed between the sensory and motor neurons could similarly be due A more interesting possibility is that the UPS plays distinct roles at the cell body and at the synapse, with to changes in the free ubiquitin pool producing changes in the internalization of the cell adhesion molecule Apblockade of the proteasome at the synapse producing (intracellular recording, dye injection, and imaging) .
